For the safety and reliability of modern hybrid electronic systems in function of the increase of complexity and density integration, relevant modeling methods of near-field (NF) radiation are necessary. This article develops a time-frequency modeling method of electromagnetic (EM) NF emitted by electronic devices excited by transient pulse current. The modeling method is originally flexible to fast switching disturbances propagating in the mixed-systems. The model is based-on the ultra wide band (UWB) model of EM NF maps using a set of elementary EM dipoles. An innovative algorithm for generating a simple reduced model is established. Then, by considering the convolution between the signals exciting the circuit and the UWB model introduced, transient radiation models are realized. The method developed was validated with the magnetic NF radiated at some mm above the microstrip planar DUT. The UWB model effectiveness was verified in RF baseband from DC to 100 MHz. Then, NF map time-dependent model emitted by the circuit excited by a microwave signal modulating 0.9 GHz carrier with 0.6 GHz -1.2 GHz frequency band is also validated. As expected, good agreements between simulations, measurements and the models investigated are observed for any form of excitation current.
Introduction
Facing to the complexity of modern electronic architectures and systems, the issues related to the unintentional electromagnetic compatibility interference (EMI) becomes one of critical embedded equipment malfunction sources (Vye, D., 2011) (Yang, T., et al., 2010) . In this optic, deeming with functional features of automotive vehicles, several electronic components and printed circuit board (PCB) can be seriously unsafe (Archambeault, B., et al., 2010) (Kopp, M., 2011) (Liu, K., 2011 ) (T, Hubing., 2011 . In other hand, with the need of public demands, our planet is also increasingly connected through electromagnetic (EM) communications (Tröscher, M., 2011) . Electromagnetic compatibility (EMC) of various telematics element internal to automobiles due to mobile hotspots and as the electronic content (wireless links, multimedia devices, electronic control modules, electric hybrid drives, etc.), as well as compatibility to the environment that they operate in, are becoming more challenging to designers in automotive industries (Wiles, M., 2003) (Shin, J., 2011) (Liu, K., 2002) . To meet the different international standards requirement (automotive directive 72/245/EEC, ISO 11451-2, IEC 61000-4-21:2011, SAE J1113, CISPR 25) (Shi, J., et al., 1989) , testing technique at both full vehicle and component levels serves as one of the critical links to the overall integrity and functional verification of automotive vehicle designs (Shin, J., 2011) .
To overcome this technical problem, the radiating and conducting EMC characterization cannot be neglected during the design process. So, characterization techniques are proposed in (Weng, H., et al., 2011) (Baudry, D., et al., 2007) (Fan, H. & Schlagenhaufer, F., 2007a) (Weng, H., et al., 2005) (De Daran, F., et al., 2003 ) (Labussiere-Dorgan, C., et al., 2008 (Taaghol, A. & Sarkar, T. K., 1996) (Fan, H. & Schlagenhaufer, F., 2007b) (Alvarez López, Y., et al., 2009) for the prediction of the undesired near-field (NF) produced by the analog, digital and mixed circuits. Because of the probe calibration difficulty as well as the time duration and complexity of computing methods for the 3D structures, monochromatic radiation NF modeling methods were introduced (Regué, J. R., et al., 2005) (Vives-Gilabert, Y., et al., 2007a , 2007b . The NF emission model can be used to predict both magnetic and electric NF radiated by electronic devices as stated in (Fernández-López, P., et al., 2009 , 2010 in order to predict the reliability and safety of equipments susceptible to be disturbed by EM coupling. The latter cited methods (Vives-Gilabert, Y., et al., 2007a , 2007b (Fernández-López, P., et al., 2009 , 2010 are based on the set of elementary methods as introduced in (Balanis, C. A., 2005) (Schantz, H. G., 2001 ) (Jun-Hong, W., et al., 1997) .
Moreover, a wide range and flexible NF emission modeling method becomes an essential phase for the electronic design and validation engineers. To cope with the operating speed augmentation of current systems, the current and voltage communications in the electrical/electronic devices such as diodes, MOSFETs and also the amplifiers can create critical unintentional transient disturbances which can generate the transient EM radiations (Jauregui, R., et al., 2010) (Scriven, I. & Lewis, A., 2010) . The propagation of these undesired radiations must be mastered by the designers and manufacturers in order to forecast their influences on the neighboring circuits. In this case, only the monochromatic single frequency model is not at all sufficient for the analysis of fast switching which can cause transient phenomena. That is why the radiating EM NF model in time-domain is necessary. To investigate analytically these types of emissions, the time-domain propagation approach based-on the elementary dipoles radiation is necessary (Song, J. & Chen, K.-M., 1993) (Lakhtakiaa, A., et al., 1987) (Cicchetti, R., 1991) . Till now, few relevant models were published in the literature for the fast transient NF emission in time-domain (Shlivinski, A., et al. 1997 ) (Hansen, T. B. & Yaghjian, A. D., 1994 ) (Winter, W. & Herbrig, M., 2009 ). So, a scanning method was proposed in (Ordas, T., et al. 2009 ) but the treatment of raw data remains inaccurate due to the imperfection of the probe calibration technique considered. For this reason, it was recently promised with semi-analytical computation method that one can extract time-domain EM NF map from the frequency results (Ravelo, B. & Liu, Y., in press) (Ravelo, B., et al., 2011b) . As extension of this method with more realistic use cases, in this article, we transpose this time-frequency method to the modeling of magnetic-or H-NF introduced in (Vives-Gilabert, Y., et al., 2007a , 2007b ) for investigating the transient NF propagation radiated by electronic devices in baseband and RF frequencies. As argued previously, the time-dependent model is determined from the broadband frequency model of the field maps. Then, the model is convoluted with the complex wave transient excitation signal susceptible to disturb the electrical/electronic devices understudy in order to generate the time-domain NF cartographies.
To get a better insight about the feasibility of the modeling method understudy, this article is organized in four main sections. Section II focus is on the methodology of the broadband modeling of electronic devices NF radiation by considering an optimal set of elementary electric dipoles. Section III explains how the interaction between the excitation signal and the broadband model is realized to characterize time-dependent mapping NF field. Then, validation results of the time-frequency model investigated with a concrete circuit is presented in Section IV. This practical verification will be made with the design and test of planar microstrip device excited by UWB signals. Lastly, Section V draws the conclusion.
Methodology of the Broadband Modeling Method Proposed for the Magnetic Nf Radiated by Electronic Devices
The model investigated in this article is defined from the given map data of the scanned magnetic NF as introduced in (Vives-Gilabert, Y., et al., 2007a , 2007b ) combined with the time-frequency computation technique proposed in (Ravelo, B. & Liu, Y., in press ). For the sake of mathematical expression simplification, we suppose that the scan magnetic field is represented in the XY-plane with n x x n y number of points. By the inverse direct calculation, we can determine the adequate configuration of the set of n d -dipoles generating the same behaviour of magnetic NF radiation. Before the exploration of the time-domain modeling method understudy, let us first examine the calculation process of the dipole parameters knowing the magnetic field data.
Recall on the Magnetic NF Modeling Method by Using a Set of Electric Dipoles
We assume that the complex values of transversal components H x and H y of the NF magnetic field map were represented in XY-plane positioned at the height z 0 above the radiating source. This single-frequency monochromatic NF wave model was established in (Vives-Gilabert, Y., et al., 2007a , 2007b ) that:
with:
and [αy] are two matrices whose elements depend on the space coordinates and the centers of dipoles,  θ is the orientation angles of dipoles,  and I0 is the intensity of the currents which excite the elementary dipoles.
The first step of the modeling process consists in the determination of dipole orientations in the XY-plane by using the following inverse matrix expression: 
with the orientation angles are given by:
Then, the amplitudes of each harmonic current flowing through the dipoles are calculated with the matrix multiplication:
In this case, we point out that the dipoles synthesized must be placed in the XY-plane positioned at z 0 below the considered test plane which can be supposed as the measurement plane. As argued in (Vives-Gilabert, Y., et al., 2007a) , only the horizontal components of the magnetic NF are sufficient for the determination of total field along the mapping plane considered because the vertical component H z can be generated automatically by the set of dipoles synthesized from (2) and (3).
Determination of the Reduced Broadband Model of the Magnetic NF
As illustrated in Fig. 1 , we suppose that the n f maps of the magnetic NF is given in the broad-and base-band frequencies delimited from f min = f 1 to f max = f nf . Meanwhile the step frequency is
By considering the relative error between maps with indexes n k1 and n k2 :
we can reduce the number of NF maps from n f to rn f with its initial label by assuming as the maps presenting relative errors
as identical maps. With the optimal discrete frequencies {f 1 … f rnf }, we apply the inverse method presented in the previous subsection.
Therefore, a reduced model of broadband model is realized. This reduced model contains dipoles characterized
With the inverse process illustrated in Fig. 2 , we can generate the total frequency data from f 1 to f nf as given initially.
In the next section, the transposition of this broadband frequency-dependent model into time-domain data will be investigated based-on the linear time-independent (LTI) system theory.
Extraction of the Time-Domain Model Form the Uwb Frequency-Dependent Mapping Data
The present section explains how the transient excitation signal time-parameters should be chosen before the implementation of the interaction algorithm with the frequency-dependent model established previously. Afterward, the development of the routine process indicating the proposed computation method algorithm is elaborated and validated with an example of use case electronic magnetic NF emission.
Frequency-Dependent Coefficients Extraction in Function of the Ultra-Short Duration Transient Signal Considered
Let us denote i(t) the input signal assumed as the transient disturbing excitation of the structure under test. The sampled data corresponding to this disturbing signal is supposed discretized from the starting time t min to the stop www.ccsenet.org/apr Applied Physics Research Vol. 4, No. 1; February 2012 ISSN 1916 -9639 E-ISSN 1916 6 time t max with time step equal to ∆t. In this case, the number n of time-domain sample data is equal to:
The term int(α) expresses the lowest integer number greater than the real α. Accordingly, the equivalent frequency-dependent spectrum of i(t) can be determined via the fast Fourier transform (fft) which allows to get the complex current harmonic
as depicted in Fig. 3 in function of sampled frequency.
The frequency-dependent of the discrete signal spectrum complex coefficients is denoted ) (
for k = {1…n} having step-frequency given by:
We point out that in baseband application, this method requires a frequency range [f min , f max ] whose the lowest frequency value f min of ) ( f I -data is equal to the step frequency ∆f. It means that we can extrapolate the signal spectrum or the excitation signal steady-state component. This does not change the calculation results because according to the signal processing theory, the DC-component of transient pulse signals with ultra-short time duration at very low frequencies is always negligible. The upper frequency limit f max should correspond to the frequency bandwidth containing most of the considered excitation signal spectrum energy (Ravelo, B. & Liu, Yang., in press) (Ravelo, B., 2010) (Ravelo, B., et al., 2011a) .
Extraction of Time-Dependent Magnetic Field from Broadband Frequency-Data
As aforementioned, the present study is focused on the magnetic NF modeling. The routine process of the time-frequency computation-method proposed here is consisted of two different steps consecutive. The first step consists in the time-dependent characterization of the excitation signal i(t). This latter must be sampled in the adequate time-interval range from t min to t max with time-step ∆t. In the following step, the complex frequency-coefficients k c representing the spectrum of i(t) should be extracted with the fft-operation as explained in previous subsection. The following step is the conversion of the frequency-dependent magnetic NF expressed by corresponding to the specific excitation signal i(t) can be calculated through the inverse fast Fourier transform of the results obtained after the convolution between the source considered i(t) and frequency data ) ( f H as indicated in Fig. 4. 
Methodology of the Time-Dependent Model Computation from the Reduced Model Established
In nutshell, the time-frequency model method of the EM NF radiated by electronic devices proposed in this article is performed in four main steps. The model proposed necessitates only the transversal components (H x and H y ) of the radiating device.

Step 1 is the determination of the reduced map series H rm (f) of the frequency-dependent field data.
Step 2 is the calculation of the elementary dipole parameters.
Step 3 is the calculation of the field maps H m (f) required in accordance with the time-dependent (t min , t max and n t ) of the excitation signal i(t) under consideration. It is noteworthy that in this step, the z-component of the field can be calculated by using the dipole radiation defined in (Vives-Gilabert, Y., et al., 2007b) (Balanis, C. A., 2005) .
The last step is the determination of the time-dependent field maps through the convolution of the excitation signal and the field radiated by the dipoles model. 
Validation Results
To demonstrate the relevance of the modeling method presented previously, a prototype of planar electronic devices having arbitrary shape was designed, simulated, fabricated and measured. The magnetic fields radiated by the device under test (DUT) were computed through simulations performed with 3D EM standard simulation tool CST MWS both in frequency-and time-domains. In addition, measurements were also carried out in broadband frequency. Two types of models are validated in this article; the first one corresponds to the baseband RF radiation. This use case can represent the EMI induced by the inductive load switching, wiring interface, ignition interruption or turnoff, voltage sag during engine starting, and the alternator load dump transient (Vye, D., 2011) . The other one corresponds to the modulated signals which can be assumed as radiations from the type of GSM D-net and different land mobile radio transmitters.
Design of the Planar Microstrip DUT
As a concrete demonstrator, an electronic circuit implemented in planar microstrip technology with dimensions 90 mm × 110 mm was designed. Its layout top view representing its geometrical form is provided in Fig. 6 . This device was printed on the FR4-epoxy substrate having relativity permittivity ε r = 4.4, thickness h = 1.6 mm and etched with Cu-metal having thickness t = 35 µm. The cut cross section of this circuit is depicted in Fig. 7 .
As said previously, this structure was simulated in baseband frequency from DC to 100 MHz. The subsequent radiation maps are assumed as low frequency (LF) maps.
Then, the circuit understudy is simulated by considering a microwave signal modulating an ultra-short Gaussian pulse current. It enables to generate the radiation maps corresponding to the high frequency (HF) maps. The transient radiation will be calculated by using the method described in Fig. 5 and the results obtained are compared with CST simulations and experimental field data.
LF Validation Results
In this case, the circuit prototype shown in Fig. 6 is simulated via the frequency solver of CST MWS. The simulation was carried out from DC to 100 MHz with 101 sampling points. Afterwards, we applied to the frequency-dependent data obtained the reduction method introduced in subsection II.B. Then, the reduced broadband model of dipoles set was determined for the frequency band considered. Then, the modeled field map at any frequency in this frequency band can be computed by using the elementary dipole radiation defined in (Balanis, C. A., 2005) . Comparisons were made with the CST simulation results.
To demonstrate the effectiveness of the method, we choose arbitrarily radiation magnetic field maps scanned at in the horizontal plane placed at z0 = 7 mm above the DUT metallic plane and at the three frequencies f = {20 MHz, 60 MHz, 100 MHz}. As shown in Figs. 8, one can figure out that a very good agreement between the model developed and the CST simulation has been found. We can see that in all the case, the field value and distribution is almost same, although there is a little difference on the map bounds where the magnetic field values are generally negligible.
Microwave HF Validation Results
In this part, the DUT depicted in Fig. 6 is simulated and measured in microwave HF band. The frequency range of interest was set from 0.6 GHz to 1.2 GHz with 201 sampling points. In this case, it is important to note that the reduced broadband model was determined from the measured experimental data by using the circular loop probe with 6 mm diameter pictured in Fig. 9 . The measurement was carried out with the IRSEEM NF test bench presented in Fig. 10 and treated with the calibration method proposed in (Vives-Gilabert, Y., et al., 2007a , 2007b (Fernández-López, P., et al., 2009 , 2010 but in this case, applied to wide band frequency range.
Then, comparisons were made between the results obtained from measurements, simulations and the model proposed. Figs. 11 represent the magnetic field maps scanned at z 0 = 7 mm above the DUT and radiated at the arbitrary chosen frequency f = {0.6 GHz, 0.9 GHz, 1.2 GHz}. So, we can see that the results obtained present a good correlation in terms of the behaviours. The apparent difference between the field values is mainly due to the measurement inaccuracies related to the probe position and the influence of the grid mesh configuration during the simulations. We emphasize that the computations were performed with a 32-bit-PC which presents a considerable limit of physical and virtual memory. For the sake of the numerical accuracy, the spatial resolution of the scanned data was reduced to about 5 mm.
Time-Domain Validation Results
In this subsection, we focus on the comparison between the time-domain results computed from the modeling method described in Fig. 4 and those from the CST MWS transient solver. To do this, the DUT was excited by the modulated ultra-short current displayed in Fig. 12 . It acts as a Gaussian wave with half-width at half maximal-height of about 1.5 ns modulating a 0.9 GHz sine carrier. We can see that the signal time duration is equal to t max = 12 ns and sampled with n t = 201 points. As can be seen in Fig. 12 , the corresponding spectrum is situated from about 0.6 GHz to 1.2 GHz. To establish the reduced model with the set of dipoles, we considered 51 sampled frequency points instead of 201 points. This transient signal was convoluted with the frequency data from the reduced model established from the flow chart presented in Fig. 5 in order to generate the time-domain NF maps.
Therefore, we obtain the magnetic NF maps displayed in Figs. 13 at the arbitrarily chosen instant time t = 7 ns. Once again, we observe here a good correlation between the H x and H y maps. These results confirm the feasibility of the time-frequency modeling method investigated.
However, there are still some differences which are mainly due to the numerical inaccuracies. These results can be enhanced by using powerful computers capable to perform calculations with high space-time resolutions. The PC we used for the computation and simulation is equipped a single-core processor XEON 3.4GHz and 4GB physical memory with 32-bits Windows XP. The size of data matrix is necessarily limited by the physical and virtual memory. Accordingly, the spatial step has to be reduced to 4mm to ensure the computing process. We emphasize that the present modeling method were run in total computation time of about 5 minutes by using a Matlab program. With the same configuration, by using the default simulation setting ( the number of time steps is 1001), the CST simulation costs usually about 2 hours in order to obtain 102 cartographies of 3D fields in time-domain.
Conclusion
Facing the increase of the electrical/electronic system density in confined space of embedded systems and to guarantee the safety vis-à-vis NF emissions, the design and manufacture engineers need a deep understanding enabling to predict system reliabilities by taking into account the complex current disturbances. Till now, most of NF radiation models were dedicated to the single harmonic excitation. But it is not actually sufficient for investigating most of transient NF radiation use cases.
A time-frequency modeling of NF radiated by electronic circuits for LF and HF applications is developed in this article. The method is based on the broadband modeling of EM NF maps by using a set of elementary dipoles. A routine algorithm allowing to realize a reduced number of field maps is established. From where, the transient NF model was determined via the convolution of the excitation current source and the reduced broadband model established. It is based on the exploitation of the frequency-dependent mapped EM-field data regarding the excitation current operated with fft. To confirm the feasibility of the computation method, a planar electronic device was excited with an ultra-short duration transient pulse signal. It was demonstrated that a very good correlation between the UWB magnetic NF maps radiated by DUT was found both in frequency-and time-domains. We point up that the NF computation method developed in this article presents considerable advantages in terms of:
1) The simplicity of the EM NF map calculation and also the possibility to take into account the ultra-short duration transient excitation. It offers a new treatment process of NF prediction in time domain.
2) It is flexible for large spectrum of LF and HF EMI disturbances modeling which are useful for the hybrid systems with complex forms. The method can be adapted to any form of LF and HF signals.
3) With baseband measured data, we can predict EM NF results in time-domain from frequency-dependant data and vice-versa.
However, the main drawback of the modeling method developed is the limitation in terms of time step parameter which depends mainly on the frequency range of the considered initial frequency-data and the used PC performance.
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